INTRODUCTION
Coccidiosis is a major disease of poultry caused by the intestinal protozoa Eimeria. Infections by Eimeria parasites produce lesions and cause destruction of intestinal epithelia, resulting in reduced feed efficiency and BW gain and subsequent severe economic losses for the poultry industry (Dalloul and Lillehoj, 2006) . Seven species of Eimeria (Eimeria acervulina, Eimeria maxima, Eimeria tenella, Eimeria necatrix, Eimeria mitis, Eimeria brunetti, and Eimeria praecox) are responsible for causing avian coccidiosis (McDougald, 2003) . Each Eimeria species preferentially infects a specific intestinal location with relatively different lesion appearances. For example, E. acervulina, E. maxima, and E. tenella produce lesions mainly in the duodenum, jejunum, and ceca, respectively. To begin to study the genes involved in Eimeria infection, microarray analysis of jejunal tissue following E. maxima challenge was conducted (Casterlow et al., 2011) . Expression of the antimicrobial peptide LEAP-2 (liver-expressed antimicrobial peptide-2) was identified as a key downregulated gene in E. maxima-infected chickens.
The small intestine is the main site for the absorption of many macro (amino acids, fats, and carbohydrates) and micronutrients (vitamins and minerals). The majority of nutrient uptake is mediated by digestive enzymes and membrane-bound transporter proteins located at the brushborder membrane of intestinal epithelial cells. Transport of these nutrients out of the epithelial cells into the blood is mediated by transporters located on the basolateral membrane. Amino acids are taken up either as free amino acids or peptides by a variety of transporters with specificity for acidic, basic, and neutral amino acids and short peptides (Bröer, 2008 , Gilbert et al., 2008 Rubio-Aliaga and Daniel, 2008) . Similarly, fats, monosaccharides, vitamins, and minerals are taken up by various transporters (Wright and Turk, 2004; Bressler et al., 2007; Hui et al., 2008; Reboul and Borel, 2011) . Because Eimeria species, such as E. maxima, cause damage to intestinal epithelial cells, we hypothesized that expression of digestive enzymes and nutrient transporters in the small intestine would be affected. Thus, the objective of this study was to profile the changes in expression of selected intestinal digestive enzymes and amino acid, peptide, monosaccharide, and mineral transporters following E. maxima infection.
Expression of digestive enzymes and nutrient transporters in the intestine
of Eimeria maxima-infected chickens 
MATERIALS AND METHODS

Birds and Eimeria Challenge
The chickens used in this study were a subset of those used in a prior study (Casterlow et al., 2011) . Briefly, male and female Aviagen line A chickens were housed in batteries at 5 to 6 chicks per cage. At 2 wk of age, chicks were individually weighed and orally gavaged with 1 × 10 4 E. maxima oocysts (USDA, Beltsville, MD) in 0.5 mL of water. Control (nonchallenged) chicks were gavaged with 0.5 mL of water.
Sample Collection and Preparation
Six days postchallenge, all surviving chicks were weighed, killed by cervical dislocation, examined for intestinal lesions, and sampled for gene expression analysis. The intestine was examined for lesions by a single individual and scored on a scale of 0 to 4 (Johnson and Reid, 1970) . In this study, 5 randomly selected control chicks or chicks with lesion scores of 2 (LS2) or 4 (LS4) were used for analysis, which represented chicks with mild and severe lesions, respectively. Because the jejunum is the primary site of E. maxima infection, the jejunum was collected, split open longitudinally, and rinsed with PBS to remove gut contents. The mucosal layer was gently scraped, placed into a tube (~25 mg), and frozen on dry ice. Total RNA was extracted from the tissue after homogenization in TriReagent (Molecular Research Center Inc., Cincinnati, OH) following the manufacturer's instructions. Total RNA quantity and purity was determined using a Nanodrop 1000 spectrophotometer (Thermo Fisher Scientific, Pittsburgh, PA), and RNA integrity was assessed by agarose-formaldehyde gel electrophoresis.
Real-Time PCR Analysis
Gene expression from jejunal RNA from both males and females (n = 5) was analyzed by real-time PCR and the relative quantification method. The cDNA was synthesized from 2 μg of jejunal RNA using the high-capacity cDNA reverse transcriptase kit (Applied Biosystems, Foster City, CA). Primers used for gene expression analysis of aminopeptidase N (APN) and sucrase isomaltase (SI), Na + -independent and Na + -dependent neutral amino acid transporters (b o+ AT and B o AT, respectively), protein related to b o+ AT amino acid transporter (rBAT), cationic amino acid transporters-1 and -2 (CAT1 and CAT2, respectively), excitatory amino acid transporter 3 (EAAT3), L type amino acid transporter 1 (LAT1), y + L amino acid transporters-1 and -2 (y + LAT1 and y + LAT2, respectively), peptide transporter-1 (PepT1), sodium glucose transporter 1 (SGLT1), glucose transporters-2 and -5 (GLUT2 and GLUT5, respectively), and the antimicrobial peptide LEAP-2 have been previously published (Gilbert et al., 2007; Casterlow et al., 2011; Speier et al., 2012) . Primers for the zinc transporter (ZnT1), phosphate transporter (NPT2b), peptide transporter-2 (PepT2), neutral amino acid transporter, uptake system ASC (ASCT1), and β-actin were designed using Primer Express 3.0 software (Applied Biosystems) and are shown in Table 1 . Real-time PCR reactions were performed with SYBR Green Master mix and an Applied Biosystems 7300 system using the following conditions: 50°C for 2 min, 95°C for 10 min, 40 cycles of 95°C for 15 s, and 60°C for 1 min. Relative gene expression was calculated using the 2 −ΔΔCt method with β-actin as an endogenous control (Livak and Schmittgen, 2001 ). The average ΔCt of the 5 control samples was used to calculate ΔΔCt values.
Statistical Analysis
Body weight and gene expression data were analyzed by ANOVA using JMP (SAS Institute Inc., Cary, NC). The statistical model included the main effect of lesion score. Tukey's test was used for pairwise comparisons. Differences were considered significant at P < 0.05.
RESULTS AND DISCUSSION
Chicks challenged for 6 d with E. maxima were killed, and the intestine was assigned a lesion score from 0 to 4 (Johnson and Reid, 1970) . Body weight gain decreased in chicks with LS2 and LS4 compared with controls (P < 0.05), but was not different between chicks with LS2 and LS4 (Table 2 ). During the 6-d challenge, control chicks gained 320.8 ± 45.2 g (mean ± SD), whereas chicks with LS2 and LS4 gained only 225.4 ± 50.9 g and 219.8 ± 69.8 g, respectively, which represents approximately a 30% weight depression. We previously reported that downregulation of the antimicrobial peptide LEAP-2 is correlated with lesion score in E. maxima infected chicks [i.e., the higher the lesion score, the greater the downregulation of LEAP-2 (Casterlow et al., 2011) ]. Expression of LEAP-2 for these samples was downregulated to 5 and 24% of control in LS2 and LS4 chicks, respectively, although in this case LS2 chicks showed greater downregulation of LEAP-2 than LS4 chicks (Table 3) .
Infection by E maxima resulted in changes in expression of the amino acid transporters EAAT3, b o+ AT/ rBAT, LAT-1, ASCT1, and the zinc transporter, ZnT1 (Table 3) . Expression of the other 13 nutrient transporters and digestive enzymes examined was unaffected following E. maxima challenge. The amino acid transporter EAAT3 (SLC1A1) is a Na + -dependent transporter located at the brushborder membrane, which has high affinity for anionic amino acids, including aspartate and glutamate (Kanai and Hediger, 2004) . Glutamate is used as an energy source for intestinal epithelial cells (Iwanaga et al., 2005) . Expression of EAAT3 was reduced to 39 and 35% of control in LS2 and LS4 chicks, respectively. The glycoprotein-associated amino acid transporters are heterodimeric transporters that consist of a light chain [e.g., b o+ AT (SLC7A9)] and a heavy chain [e.g., rBAT (SLC3A1; Verrey et al., 2004) ]. The b o+ AT light chain is important for transport because mutations in b o+ AT result in nonfunctional transporters and the disease cystinuria, whereas mutations in rBAT affect trafficking of the light chain to the plasma membrane (Feliubadaló et al., 1999) . The heterodimeric b o+ AT/rBAT transporter is located at the brushborder membrane and serves as a Na + -independent amino acid exchanger of neutral and dibasic amino acids, which mediates the inward transport of cystine and dibasic amino acids such as the essential amino acids arginine and lysine in exchange for neutral amino acids (Torras-Llort et al., 2001; Wagner et al., 2001; Palacin and Kanai, 2004) . Expression of b o+ AT was decreased to 20% of control in LS2 chicks and showed a nonsignificant change in LS4 chicks. Interestingly, expression of the heterodimeric protein rBAT was upregulated 4-and 3-fold in LS2 and LS4 chicks, respectively. Because b o+ AT encodes the transporter function, expression levels of rBAT would not be expected to influence transport capacity. ers-1 and -2, respectively; CAT1 and CAT2 = cationic amino acid transporters-1 and -2, respectively; SI = sucrase isomaltase; SGLT1 = sodium glucose transporter 1; GLUT2 and GLUT5 = glucose transporters-2 and -5, respectively.
*P < 0.05, **P < 0.01, ***P < 0.005 compared with control within a gene.
The ASCT1 (SLC1A4) and ASCT2 (SLC1A5) are members of the ASC amino acid transport system, which transports small neutral amino acids such as alanine, serine, cysteine, and threonine and functions as amino acid exchangers (Arriza et al., 1993; Bröer, 2008) . The ASCT1 was upregulated 12-fold in LS2 chicks compared with controls and showed a nonsignificant change in LS4 chicks. The ASCT1 has been localized to the basolateral membrane of Paneth's cells in intestinal crypts (Hashimoto et al., 2004) , whereas ASCT2 was localized to the brushborder membrane of intestinal cells (Bröer, 2008) . Interestingly, a search of the chicken genome (Ensembl, Release 69, http:// useast.ensembl.org/Gallus_gallus/Info/Index) did not reveal a chicken homolog to ASCT2; thus, in chickens ASCT1 may be the major transporter expressed in the intestine. The localization of ASCT1 to the brushborder or basolateral membrane in chickens remains to be determined.
The LAT1 (SLC7A5) forms a heterodimer with the glycoprotein 4F2hc (SLC3A2) and function as an obligatory amino acid exchanger. The LAT1 transports inward large, neutral, branched, or aromatic amino acids in exchange for efflux substrates such as Ile, Leu, and Met (Meier et al., 2002; Verrey, 2003) . The LAT-1 was upregulated 19-fold in LS2 chicks and 17-fold in LS4 chicks following E. maxima infection compared with controls. In humans, LAT1 is expressed in embryonic intestine but not adult intestine (Kanai et al., 1998; Prasad et al., 1999; Ohno et al., 2009) , whereas in chicken LAT1 is expressed in the intestine in both embryonic and posthatch chicks (Gilbert et al., 2007) . In humans and rodents, LAT2 also heterodimerizes with 4F2hc and functions as an exchanger of neutral amino acids across the basolateral membrane of intestinal epithelial cells (Rossier et al., 1999) . Again, a search of the chicken genome (Ensembl, Release 69) did not reveal a chicken homolog to 4F2hc or LAT2. Thus, in chickens LAT1 may have replaced LAT2 on the basolateral membrane of intestinal epithelial cells; however, the subcellular location of LAT1 in chickens remains to be determined.
In E. necatrix-infected chickens, the absorption of zinc is decreased (Turk and Stephens, 1969) . Zinc plays a significant role as an antioxidant because it is important for the activity of antioxidant enzymes. Allen (1997) showed that E. maxima infection resulted in an increase in levels of free radicals, which could lead to oxidative damage to mucosal tissue. Zinc supplementation improved the antioxidant status of chickens infected with E. tenella and E. acervulina (Bun et al., 2011; Georgieva et al., 2011) . In this study, the expression of the zinc transporter ZnT1 (SLC30A1), which is located at the basolateral membrane and acts as an exporter of zinc into the portal circulation (Cousins and McMahon, 2000) , was reduced to 20% of controls in LS2 chicks and 44% of controls in LS4 chicks. The decrease in expression of ZnT1 may represent a compensatory response to maintain intracellular zinc concentrations.
Taken together, these studies suggest that maintaining a minimal level of intracellular zinc may be important for retaining critical antioxidant activity to counteract the production of Eimeria-induced free radicals.
In this study we observed a more robust cellular response in LS2 chickens (i.e., downregulation of LEAP-2 and b o+ AT and upregulation of ASCT1) compared with LS4 chickens. This may reflect the more extensive damage to the intestinal epithelia in the LS4 chickens. Our results suggest a model for the cellular events during E. maxima infection. Eimeria maxima invades intestinal epithelial cells and causes a downregulation of the antimicrobial peptide LEAP-2. In response, the intestinal cell decreases the expression of the basolateral zinc transporter to maintain intracellular zinc concentrations and antioxidant activity. The intestinal cell also responds by decreasing the amino acid transporter EAAT3, resulting in a reduction in the uptake of glutamate, which provides energy to the epithelial cell. Downregulation of the amino acid transporter b o+ AT would result in a decrease in the uptake of the essential amino acids lysine and arginine and other important amino acids such as cystine. Ruff (1974) reported that there was reduced transport of methionine in intestines of E. necatrix-infected chickens. At the basolateral membrane, upregulation of the amino acid transporter LAT1 would result in an efflux of amino acids such as leucine, isoleucine, and methionine. Thus, the combined actions of the apical and basolateral membrane transporters would result in a decrease in the intracellular pool of some essential amino acids (Leu, Ile, Met, Lys, Arg) as well as glutamate, the major energy source. This would ultimately starve the intestinal epithelial cell of its energy source as well as amino acids for protein synthesis, possibly leading to inhibition of Eimeria replication and potentially death of the cell. These changes in transporter gene expression may be part of the mechanism by which an animal attempts to fight off an Eimeria infection. These results suggest a management strategy whereby feeding E. maximainfected chickens a diet deficient in selected essential amino acids would enhance the natural defense mechanism against coccidial infection and slow the spread of the disease.
